Abstract Intrinsic protein fluorescence is due to aromatic amino acids, mainly tryptophan, which can be selectively measured by exciting at 295 nm. Changes in emission spectra of tryptophan are due to the protein conformational transitions, subunit association, ligand binding or denaturation, which affect the local environment surrounding the indole ring. In this study, tryptophan fluorescence was monitored in intact mitochondria at 333 nm following excitation at 295 nm in presence of insecticides using spectrofluorometer. Methylparathion, carbofuran, and endosulfan induced Trp fluorescence quenching and release of cytochrome c when incubated with the mitochondria, except fenvalarate. Mechanism of insecticide-induced mitochondrial toxicity for the tested insecticides has been discussed. Reduction in the intensity of tryptophan emission spectra of mitochondrial membrane proteins in presence of an increasing concentration of a ligand can be used to study the interaction of insecticides/drugs with the intact mitochondria. Furthermore, this assay can be readily adapted for studying protein-ligand interactions in intact mitochondria and in other cell organelles extending its implications for pesticide and pharma industry and in drug discovery.
Introduction
Fluorescence spectroscopy has proved to be useful in studies on ligand binding. Steady-state fluorescence quenching and fluorescence polarization are the primary techniques for studying structure and function of proteins. In fluorescence spectroscopy, light absorption promotes an electron to an excited state, resulting in light emission when the excited electron returns to the ground state undergoing a radiative transition. Since some of the light energy initially absorbed is lost in transition between vibrational energy levels (internal conversion), the emitted light energy is always of a longer wavelength (Moller and Denicola 2002) . Fluorescence quenching refers to the process that decreases the fluorescence intensity of a sample. Proteins display fluorescence, and the intrinsic protein fluorescence is due to aromatic amino acids, mainly tryptophan, considering that phenylalanine has a very low quantum yield, and emission by tyrosine in native proteins is often quenched. Fluorescence is mainly due to tryptophan, which can be selectively measured by exciting at 295 nm, because there is no absorption by tyrosine at this wavelength. Tryptophan fluorescence is highly sensitive to the environment polarity, and shifts in its emission spectrum towards lower wavelengths (blue shift) can be observed as the increased hydrophobicity. Changes in emission spectra from tryptophan can be seen in response to protein conformational transitions, subunit association, ligand binding, or denaturation, which affect the environment surrounding the indole ring. The lifetime of a fluorophore (i.e. the time the fluorophore spends in the excited state) is very short, ranging from 0.5 to 100 ns, but sufficiently long for the excited fluorophore to react with external molecules to yield an excited product that decays by a non-radiative pathway, and therefore, diminishes the fluorescence quantum yield. This process is known as dynamic or collisional quenching, and the external molecule is known as the quencher (Lakowicz 1999) . Many biological molecules display fluorescence, such as reduced nicotinamide dinucleotide (NADH), oxidized flavins (FAD, adenine dinucleotide, FMN, and mononucleotide), pyridoxal phosphate, chlorophyll, and proteins (Lakowicz 1999) .
In addition, the quenching reaction can be used not only to probe topological features of the macromolecular structures, but also to follow protein conformation changes that affect accessibility to tryptophan. Any treatment of the native protein that involves a change in the tryptophan environment can be followed by fluorescence quenching. The tryptophan residue acts as a reporter group for local conformation change. Several studies have used Trp fluorescence quenching to study interaction of purified proteins with drugs (Aurade et al. 2010a (Aurade et al. , 2010b Aurade et al. 2012; Ahmad et al. 2015; Abdelhameed et al. 2015) . Static quenching of antituberculosis drugs with Aβ-42 peptide and hen egg white lysozyme, anticancer drug with human serum albumin and galactose with soybean agglutinin was studied using Trp fluorescence (Chaturvedi et al. 2015a; Alam et al. 2015a, b) . Interaction of taurine with human serum albumin and surfactants with lysozyme and Rhizopus niveus lipase protein was studied using fluorescence spectroscopy (Chaturvedi et al. 2015b, c; Alam et al. 2015c) .
Insecticides are neurotoxic to insects, and there are a number of reports asserting their harmful effects on insects as well as on the non-target organisms affecting mitochondrial bioenergetics. Pesticides adversely affect mitochondrial metabolism in fish (Reddy and Phillip 1992) and mammals (Gassner et al. 1997) . Organophosphates impair mitochondrial energy metabolism, resulting in oxidative stress and neuronal apoptosis in rat brain (Kaur et al. 2007 ). Methyl-parathion results in deleterious effects on oxidative phosphorylation and membrane depolarization in rat liver mitochondria under in vitro conditions (Moreno and Madeira 1990) , while carbofuran impairs mitochondrial function in the rat brain (Kamboj et al. 2008 ). Toxicity of chlorpropham -a carbamate insecticide is associated with the rapid depletion of ATP via impairment of mitochondrial function (Nakagawa et al. 2004) . Carbaryl inhibits mitochondrial bioenergetics and succinate dehydrogenase in rats (Morena et al. 2007) , while chlorfenvinphos induces oxidative stress in rat liver mitochondria (Lukaszewicz-Hussain and Moniuszko-Jakoniuk 2004) . The present studies were undertaken to study the interaction of insecticides with the intact mitochondria isolated from a polyphagous pest, cotton bollworm, Helicoverpa armigera (Hubner), an important constraint to crop production by using binding assay based on tryptophan fluorescence.
Materials and methods

Materials
Bovine serum albumin (BSA) were purchased from Sigma Aldrich (Mumbai, India), sucrose Qualigens (Mumbai, India), methyl-parathion (99.3 %) and carbofuran (99 %) from Pesticide Analysis Laboratory, Gulbarga, and endosulfan (99 %) and fenvalerate (99.4 %) from Dow Agro Sciences (gifted from Dr. Sharom, Department of Environmental Biology, University of Guelph, Canada). All the other chemicals used were of analytical grade.
Insects
The cotton bollworm, H. armigera larvae were obtained from the insect rearing laboratory, International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Telangana, India. The larvae were reared on a chickpea based semi-synthetic diet under laboratory conditions at 27 ± 1°C, 65 ± 5 % RH, and 12 h photoperiod (Chitti Babu et al. 2014 ).
Isolation of mitochondria
The fourth-instar H. armigera larvae were starved for 3 h, their midgut content removed, washed in cold distilled water, and then homogenized in Dounce homogenizer under cold conditions in the isolation media (0.25 M sucrose solution containing 0.1 % defatted BSA). The homogenate was filtered through a moist muslin cloth, and the filtrate centrifuged at 800×g for 10 min at 4°C. The residue was re-suspended in extraction buffer, and centrifuged at 800×g for 5 min. The supernatants from both the centrifugations were combined and centrifuged at 8000×g for 10 min. The mitochondrial pellet was resuspended in the 0.25 M sucrose solution and kept in ice until used (Akbar et al. 2012) . Protein concentration was determined by Lowry's method using BSA as standard (Lowry et al. 1951 ).
Fluorescence spectroscopy
Steady-state fluorescence measurements were performed with Cary Varian Eclipse fluorescence spectrophotometer (les Ulis, France), using a 10-mm path length quartz cell with a Teflon stopper. Both excitation and emission slit widths were 5 nm. The affinity of binding of insecticides such as methyl-parathion, carbofuran, endosulfan and fenvalarate with the membrane proteins of mitochondria was determined by Trp fluorescence quenching titrations. Intact mitochondria (200 mg protein) was titrated in 50 mM phosphate buffer, pH 7.4, with increasing concentrations of insecticides, while quenching of Trp fluorescence was monitored at 333 nm following excitation at 295 nm (slit width for both was 5 nm). One insecticide from each class was selected to study their interaction with the mitochondrial membrane proteins. Dissociation constant (K d ) and maximum fluorescence (ΔF max ) values were computed following fitting of the data to an equation describing binding to a single affinity site.
Where (ΔF/F 0 × 100) represents the percent change in fluorescence intensity relative to the initial value after addition of insecticide at a concentration [S] , and ΔF max /F 0 × 100 is the maximum percent quenching of the fluorescence intensity that occurs upon saturation of the substrate-binding site.
Trp fluorescence quenching of intact mitochondria by acrylamide
Intact mitochondria (200 mg protein) were titrated in 50 mM phosphate buffer, pH 7.4, with increasing concentrations of acrylamide (0-50 μM). Fluorescence emission was measured at 330 nm following excitation at 295 nm (bandwidths of 5 nm). Quenching data were analyzed using the Stern-Volmer equation,
where F 0 and F are the fluorescence intensities in the absence and presence of acrylamide, respectively, [Q] is the acrylamide concentration, and K SV is the Stern-Volmer quenching constant. For a collisional quenching mechanism, a plot of F 0 /F versus [Q] gives a line with a slope of K SV .
Release of cytochrome c
Mitochondria (1 mg protein) isolated from fourth-instar larvae of H. armigera were incubated in 50 mM phosphate buffer, pH 7.2, containing 50 mM of insecticide (methyl-parathion, carbofuran, endosulfan and fenvalarate) for 1 h in the presence of 0.1 mM Ca
2+
. The reaction mixtures were centrifuged at 12, 000×g for 10 min at 4°C to obtain the mitochondrial pellet. The supernatants were further spun at 12,000×g for 1 h to eliminate mitochondrial fragments. The supernatants were collected, and the released cytochrome c was estimated according to Chamberlin (2004) .
Results and discussion
Proteins in biological membranes represent up to 30 % of all proteins. The mitochondrial outer membrane consists of 40 % lipids and 60 % proteins. Among the proteins it includes a diverse set of enzymes, components of precursor protein translocation and insertion machineries, pore forming proteins and proteins mediating mitochondrial fusion and fission (Walther and Rapaport 2009) . Certain membrane proteins are functional as monomers while others assemble into oligomeric structures spanning across the membrane to perform their biochemical role. Due to complexity and dynamics of their arrangement, they are hardly traceable, and it is nearly impossible to study their interaction with any ligand in a lipid bilayer model. In this context, tryptophan fluorescence provides a valuable tool in studying interaction of membrane proteins with ligand molecules. Tryptophan residues being positioned at the vicinity of the core of the protein, Trp fluorescence spectrum can be used as a local conformational change at the core of the protein. Emission spectra of the intact mitochondria when excited at 295 nm revealed the presence of two shoulders of λ max 333 and 404 nm with a valley at 370 nm (Fig. 1) . Addition of insecticide to the isolated mitochondria resulted in quenching of the fluorescence at both the shoulders. Quenching of Trp fluorescence emission due to insecticides was measured as reduction of fluorescence intensity at λ max 333 nm, which suggest the formation of an association between the macromolecule and the insecticides due to change in Trp environment. Decrease in fluorescence intensity with a slight red shift at λ max 333 nm is due to the exposure of Trp residues to polar environment. The red and blue shift indicates the decrease or increase in hydrophobicity around Tyr and Trp residues, respectively (Chen et al. 2014 for methyl-parathion, carbofuran, and endosulfan, respectively. Fenvalarate -a synthetic pyrethroid, with a different mode of action, did not showed any change in the fluorescence when added to the mitochondrial extract indicates that the insecticide have no interaction with the mitochondrial membrane proteins. The Trp residues that absorb near-UV radiation receive the additional energy equal to that of one photon, and become electronically excited. Upon return to the ground state, the molecules dissipate the energy by breaking chemical bonds or by re-radiating photons at another frequency. Covalent damage of Trp residues can lead to cleavage of the indole ring, possibly due to formation of a short-lived Trp cation (Bent and Hayon 1975; Bryant et al. 1975) . Therefore, binding of insecticides brings out changes in the environment of tryptophan residues in the intact mitochondria as indicated by the shifts in λ max . Quenching due to acrylamide is considered as an indicator of the accessibility of protein Trp residues to solvent under various conditions. The linear nature of the Stern-Volmer plot (Stern-Volmer constant, K SV = 1x10 4 M −1 ) of F 0 /F versus acrylamide concentration was obtained when Trp fluorescence of intact mitochondria was measured in the presence of acrylamide (Fig. 2) , suggests the presence of one type of Trp residues, with all of them being equally accessible to the quencher, as previously reported for mammalian Pgp . Insecticides induce apoptosis or programmed cell death both in vitro and in vivo (Wu et al. 2003; Wu and Liu 2000; Hossain and Richardson 2011) . Apoptosis is executed by a subfamily of cysteine proteases known as caspases. A major caspase activation pathway is the cytochrome c-initiated pathway. In this pathway, apoptotic stimuli cause cytochrome c release from mitochondria, which in turn induces a series of biochemical reactions that result in caspase activation and subsequent cell death. In the present study, methyl-parathion, carbofuran and endosulfan induced the efflux of cytochrome c when incubated with isolated mitochondria from H. armigera larvae in the presence of Ca 2+ . Cytochrome c levels in the supernatant were found to be 1.76, 1.56 and 1.35 nmol/mg protein for methyl-parathion, carbofuran and endosulfan, respectively, whereas mitochondria incubated with fenvalarate did not induce the release of cytochrome c (Fig. 3) . The results indicated that all the insecticides, except fenvalarate, induced mitochondrial toxicity, among the tested insecticides. Earlier studies have shown that organophosphates (Kashyap et al. 2010) , carbamates (Li et al. 2015) and organochlorine (Kitazawa et al. 2003) insecticides induce apoptosis through mitochondrial-dependent pathway, and similar indications were obtained in the present study. In vivo exposure of a synthetic pyrethroid -deltamethrin, have been shown to reduce mitochondrial cytochrome c levels (Chen et al. 2007) , and induce apoptosis through mitochondrial-independent pathway. Deltamethrin-induced apoptosis is initiated through a mitochondrial-independent pathway due to its interaction with Na + channels, leading to calcium overload and activation of the endoplasmic reticulum (ER) stress pathway (Hossain and Richardson 2011) . Differences in the ability of the insecticides in inducing Trp fluorescence quenching and efflux of cytochrome c in the intact mitochondria may be attributed to the specific functional groups possessed by the insecticides which interact with the components of cell organelles.
For quenching to occur, the fluorophore and quencher must be in contact with each other. The Trp quenching observed with the insecticides, except fenvalarate, were due to the interaction of insecticides with the Trp residues of integral proteins protruding out from the lipid membrane in the cell organelle, which brings conformational changes in the proteins studded in the mitochondrial membrane thereby inducing the release of cytochrome c and further leading to caspase activation and subsequent cell death. The tryptophan fluorescence quenching assay is a direct and clear demonstration of interaction of insecticides with the mitochondrial membranes proteins and the role of insecticides in inducing mitochondrial toxicity. This technique will be useful in investigating the toxicity of various drugs or chemicals on mitochondria in different organisms.
Conclusions
Results showed that the insecticides, methyl-parathion, carbofuran, and endosulfan quenched Trp fluorescence in the mitochondria of H. armigera indicate that the insecticides induced mitochondrial toxicity through interaction with the membrane proteins. Interaction of pesticide/drug molecules with the mitochondrial Fig. 3 Release of cytochrome c. Cytochrome c release was estimated by incubating mitochondria (1 mg protein) isolated from H. armigera larvae in the presence of methyl-parathion, carbofuran, endosulfan and fenvalarate. Control mitochondria were incubated with the phosphate buffer, pH 7.0. The data represent mean ± SD (n = 3). Data were subjected to analysis of variance (ANOVA). F-test was used to judge the significance of differences between the treatments, while the least significant difference (LSD) was used to test significance of differences between the treatment means at p ≤ 0.05 membrane proteins can be easily studied by tryptophan quenching assay in intact mitochondria. This assay will be useful for understanding the mode of action, toxicity and biosafety of many chemicals to the target and nontarget organisms, especially in pesticide and pharma industry and in drug discovery.
